Gondwana landmasses have served as large-scale biogeographic Noah's Arks and Beached Viking Funeral Ships, defined by McKenna. The latitudinal trajectories of selected Gondwana dinosaur localities were traced through tim in order to evaluate their movement through climate zones relative to those in which they originally formed. Th dispersal of fauna during the breakup of Gondwana may have been facilitated by the presence of offshelf islan forming landspans (sensu Iturralde-Vinent and MacPhee) in the Equatorial Atlantic Gateway and elsewhere.
INTRODUCTION
In 1973 Malcolm C. McKenna published a paper titled, "Sweepstakes, Filters, Corridors, Noah's Arks, and Beached Viking Funeral Ships in Palaeogeography". His purpose was to reconcile the biogeographic principles elaborated by William Diller Matthew (e.g. Matthew 1915 Matthew , 1939 and George Gaylord Simpson (e.g. Simpson 1940 Simpson , 1943 Simpson , 1946 Simpson , 1947a Simpson , b, 1952 Simpson , 1953 , developed under a stable Earth perspective, with the then well accepted framework of plate tectonics. His fundamental conclusion was that the dispersalist principles elaborated by Matthew and Simpson were still relevant within certain mobilist caveats: sweepstakes routes are those in which odds of dispersal success are low, as in true rafting; filters are those which allowed the dispersal of some but not other species, usually due to the adaptations of the species involved and the environmental conditions of the route; and corridors are those in which movement was the most free of all.
Ark as a segment of continental crust with its rifted and moved away from its continent of orig viewed Noah's Arks as permitting one-way dispe a balanced biota during which "the transported would evolve, and latitudinal components of would conceivably affect available ecospace via fects of climatic change" (McKenna 1973, p. 30 the same paper, McKenna also defined biogeog Viking Funeral Ships as continental crust rifted from one landmass and travelled to an adjacent lan carrying fossils from the first area, where the p tions had lived, to the second area where a Funer beached and where the fossil biota had never live formation of Noah's Arks and Viking Funeral Sh features of divergent plate boundaries. Docked Arks and Beached Viking Funeral Ships are f of convergent plate boundaries and accreted te Their effects on historical biogeography occur spatial and temporal scales at which lithospheric are created, subsumed, and move about.
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LOUIS L. JACOBS, CHRISTOPHER STRGANAC and CHRISTOPHER SCOTESE visioned a rejuvenating volcanic pile at a spreading center without appreciable geographic displacement of the islands created, in which terrestrial organisms essentially moved "up the down escalator" through geologic time. Another was "Hopscotch on the Escalator" resulting from colonization of progressively younger islands along a hotspot trace, as exemplified by the Hawaiian Islands and Emperor Seamounts. The older islands move with the plate away from the hotspot, erode, and subside below sea level. The biota skips from the older eroding and subsiding island to newly formed islands at the intraplate hotspot. Some of the plants of Iceland, which have a fossil record going back to the Miocene origin of the islands (Grímsson et al. 2007) , provide a possible example of Escalator Counterflow. The Galapagos biota (Christie et al. 1992 , Grehan 2001 ) is possibly an example of Hopskotch on the Escalator. Another example might be living coelacanths on the slopes of underwater volcanoes near the Comoro Islands (Fricke and Hissman 1990) . The volcanos formed much later than the clade. Green sea turtles that breed on islands of the Mid-Atlantic Ridge (Carr and Coleman 1974, Bowen et al. 1989 ) may also represent hopscotch. However, neither concept has seen much application to non-avian dinosaurs.
More recently, historical biogeography of islands was revitalized with the introduction of landspans, defined by Iturralde-Vinent and MacPhee (1999, p. 52) as "a subaerial connection (whether continuous or punctuated by short water gaps) between a continent and an off-shelf island (or island arc)". This stands opposed to land bridges, which Iturralde-Vinent and Macphee (1999, p. 52) restricted to mean "land linkages between continental regions". A significant difference between the two is the dispersal of organisms between lands on oceanic and continental crust in the former, and lands on continental crust only in the latter. Iturralde-Vinent and MacPhee (1999) applied the concept of the GAARlandia landspan, which is defined as a landmass comprising the conjoined Greater Antilles and Aves Ridge islands, and then examined dispersal mechanisms in the light of sea-level change, tectonic evolution, and vicariance ever, if the concept of landspans is expanded to allow subaerial connection punctuated by short water gaps between off-shelf islands (i.e., those developed on oceanic crust) and two adjacent continents, then the concept of landspans becomes relevant when considering the dispersal of Gondwana dinosaurs, and elaborates the mobilist concepts presaged by McKenna.
We have two purposes in this paper. The first is to trace the latitudinal drift of selected Gondwana dinosaur localities (Fig. 1, Table I ) through time from the Triassic (220 Ma, Carnian), when continents were united in Pangea, until the present day. This is useful for comparing where fossil localities were formed to where they are now in terms of the climate zones they traversed because, to repeat again McKenna's words, "latitudinal components of motion would conceivably affect available ecospace via the effects of climatic change". General Circulation Models (GCMs) consistently indicate high global temperatures and low latitudinal temperature gradients during the Mesozoic (Sellwood and Valdes 2006) . Nevertheless, GCMs are tested by the rock and fossil records, so unless otherwise determined, the first order causes of climate zonation should have been applicable in the Mesozoic as they are now, modified by higher order climatic influences included in the models.
Non-avian dinosaur localities, Gondwana dinosaur localities in particular, are ideal for this sort of review because they reflect the breakup of Gondwana into its constituent components and their dispersal to their present positions on the globe. The breakup of Gondwana brought about first-order biogeographic change for all its component terrestrial biota. Africa, South America, Madagascar, India, Australia, and Antarctica were, in effect, very large-scale Noah's Arks. The tectonic drift of these arks through latitudinal climate zones was the first-order cause of environmental changes to which the biota living on the drifting Gondwana fragments was subjected. Each fragment of Gondwana moved through climatic zones at different rates and crossed climatic boundaries at times specific to the place.
Our second, more speculative purpose is to identify where and when landspans may have most greatly or diverge in tectonically active terranes deserve attention as biogeographic landspans because those settings create island arcs and hotspot traces, which by definition are off-shelf islands and therefore potential participants in landspans.
In addition to first-order influences on historical biogeography caused by plate motions, eustatic sea-level fluctuation (Haq et al. 1987 (Haq et al. , 1988 ) has a major influence on the distribution of organisms and the amelioration of climate. A major cause of global sea level fall is the sequestering of water in continental glaciers. Presumably this was not an important factor in the Cretaceous as that was a period of globally warm temperatures, a low pole-to-equator temperature gradient, and high sea level (Bice et al. 2003 , Bice and Norris 2002 , Jacobs et al. 2005 . There is no convincing evidence of permanent polar ice caps during the Cretaceous Period. It has been proposed that large-scale sea level change and climate change are directly related to plate tectonic events (Scotese 2004 , Müller et al. 2008 , and thus are tied to the breakup of Gondwana. During times of continental dispersal and rapid sea-floor spreading, such as the Cretaceous Period, the volume of ocean basins decreases resulting in higher sea levels (Scotese 2004).
Atmospheric Hadley Cells, which affect regional climate, are caused by insolation striking the curved surface of the Earth, leading to warm moist air rising in the tropics and cool dry air descending between about 15 and 30 degrees latitude in both the northern and southern hemispheres. The rotation of the Earth imposed upon atmospheric cells leads to zonal wind patterns such as the Intertropical Convergence Zone, which marks the equatorial limit of Hadley Cells, and the dry trade winds characteristic of the arid zones at the poleward limits of the Hadley Cells. There is short-term latitudinal variation in the position of these boundaries and in the intensity of the cells due to the orientation of the Earth ( 
METHODS
We traced the path over the globe of selected di localities (Fig. 1, Table I ) using the Point-Track gram published by the PALEOMAP Project (S 2008) , in which the present-day latitude and lon coordinates of 51 localities are reconstructed ba their paleolatitudinal positions at progressively 10 Ma intervals back to 100 Ma, and in 20 Ma vals between 100 Ma and 220 Ma. Latitude wa ted because climate changes with latitude, and l can be determined more accurately than longitud display these trajectories as simple plots with ti the x-axis and with paleolatitude on the y-axis (F 6). The sites were selected because together the elucidate the history of specific regions, and ind ally they are illustrative of the general principles o by McKenna (1973) . Each of these localities is single point on the continents being tracked, an not represent the entire continent as a unit. The rotation of a single continental landmass can b obvious through the convergence or crossing of tories. Localities are plotted with reference to basins because the oceans are formed through and seafloor spreading and provide a natural fo the discussion of movement of the bordering r with their entombed fossils.
Scotese ( Table I ) used in this study.
dition to spatial uncertainties, imprecision in the age of a fossil locality is also inherent in the plots, although this is not considered to be a major problem for current purposes. Where an age range is reported (Weishampel et al. 2004) , we use the mid-point of the age range in constructing the plots. We have not updated the faunal lists from Weishampel et al. (2004) , nor have we made detailed comparisons of the taxonomic composition between localities. Any attempt at phylogeographic analysis is beyond the scope of this paper. Brazilian sites have remained in the southern hemisphere tropics ever since, close to the latitudes at which they were formed, due to the fact that South America has had little northward drift. Localities farther south than Brazil in South America (not plotted) would show essentially the same trajectory as those of Brazil, offset by the latitudinal distance between sites, because South America since the Early Cretaceous moved nearly due west with very little change in latitude. The dinosaur localities of Niger (localities 1-5) record the history of Africa from the pre-rift Late Jurassic, through to the Early Cretaceous phase of South Atlantic Ocean basin formation. None appears as young as the Two localities from Angola were selected, not because they are well represented by dinosaurs (they are not), but because their ages are well constrained and they were both formed under arid coastal conditions. Both localities formed in the southern arid belt. A new Turonian sauropod was found at Iembe (locality 8), which now lies in tropical latitudes (8 • S; , Mateus et al. 2011 . Only a few bones of dinosaurs have yet been found at Bentiaba (locality 9), which currently lies at the northern extreme of the Skeleton Coast or Namib Desert. These two localities illustrate the importance of recognizing the position of a stationary climate zone through which a drifting conti- Table I ).
that the sauropod from Iembe inhabited a coastal desert and had a lifestyle similar to desert elephants that now inhabit the Skeleton Coast of Namibia.
Three Late Cretaceous localities in Figure 3 are known from present day islands along the east side of the Antarctic Peninsula (localities 10, 11 and 12). The dinosaurs from these localities are from the region of Antarctica that is closest to South America. The Antarctic Circle falls between 66 • and 67 • S. It appears that the Antarctic Peninsula localities were formed at the edge of the Antarctic Circle and have not changed latitude rial Gateway developed. These localities have rem in arid latitudes throughout their subsequent histo comparing the latitudinal trajectories of localitie Morocco and Angola, it is clear that Africa str both the northern and southern limbs of Hadley during the Cretaceous. No other continental lan since Pangea has had that distinction.
The Triassic to Cretaceous localities in S land (13-27) are not Gondwanan, but rather rep the southernmost border of Eurasia. The locali the Regione Puglia (25, 26) of southern Italy are Viking Funeral Ship. Early Cretaceous fossils found on these Gondwana microcontinents are representative of the Cretaceous fauna of Africa, and are not informative in any simple way of the European Cretaceous fauna (Polcyn et al. 1999 ). The exotic terranes of Regione Puglia, Italy, were formed in the northern arid zone although they now lie in a Mediterranean climate. While it is clear that this is an example of a Beached Viking Funeral Ship, it is not clear at all whether this transfer also represents a Noah's Ark because there is no phylogenetic or historical evidence to suggest an introduction of southern elements into the contemporaneous biota at the time of docking. The microcontinents that formed southern Europe all appear to have been of low relief and may have been subjected to total marine inundations that would have annihilated the terrestrial biota and rendered these arks into ghost ships, at least as far as non-avian dinosaurs are concerned.
The Jurassic locality of Tendaguru (31) is included in Figure 4 because it lies near the eastern coast of Africa close to the same latitude as that of Iembe (8) The emphasis in Figure 5 is on Antarctica, Australia, and New Zealand. The trajectories of the Antarctic Peninsula (localities 10-12) and the Transantarctic Mountains (45) cross during the Jurassic indicating rotation of the single landmass, followed by a generally southward drift as Australia-plus-Antarctica move toward the South Pole. These localities reach their maximum southerly latitude during the Early Cretaceous (pre-Aptian Figure 5 . Throughout the Cretaceous, Australian localities moved steadily northward. Dinosaurs of the Tahora Formation on the North Island, New Zealand (48), were originally at about 60 • S, clustering in paleolatitude and age with the dinosaur localities of the Antarctic Peninsula.
Dinosaurs from Australia, New Zealand, and Antarctica lived at high paleolatitudes and were subject to environmental conditions not found at lower latitudes (Rich and Vickers-Rich 2000) . Although the fossil remains of Transantarctic dinosaurs are now found at southern polar latitudes, they lived in high temperate paleolatitudes. The trajectory of the Transantarctic Mountains locality (45) shows that in the Jurassic it was located at 60 • S and has moved steadily poleward since that time. Figure 6 illustrates paleogeographic features associated with the breakup of eastern Gondwana involving Africa, India, Madagascar, and Australia. The trajectories of the India-plus-Madagascar localities cross the Tanzania trajectory because, during the Jurassic initial breakup of Gondwana, India together with Madagascar moved to the south, opening the Somali Basin. The trajectories of India, Madagascar, and Australia are parallel from Triassic until the Early Cretaceous when India, Madagascar, and Australia rifted away as a unit. By 90 Ma (Turonian), India and Madagascar separated and India began its very rapid northward journey (see also Krause et al. 2006) . After its split with India, Madagascar was fixed to Africa. All four of these landmasses moved northward from the Cretaceous to the present day. Africa and Madagascar have travelled as a unit. Australia rifted from Antarctica about 50 million years ago and then moved relatively rapidly with India toward Asia. formed in the southern arid latitudes. The Cretaceous fossil localities of Gujarat were also formed in the southern arid zone, but now lie in the northern arid zone. The Indian localities joined Asia in a Beached Viking Funeral Ship.
The size, relief, and emergence of the Indian subcontinent insure that it was also a Noah's Ark as it moved from Gondwana to Asia. Nevertheless, because its journey was of such long duration, the fossil vertebrate record of India houses a suite of species from different ages that reflect distinct biogeographic histories. The Triassic dinosaurs and associated fossils of India are true voyagers on a Beached Viking Funeral Ship, being derived from geographically similar to those of Tendaguru. Af split from eastern Gondwana in the Early Creta India-Madagascar shared the same Noah's Ark until their late Cretaceous separation, after wh youngest dinosaurs of each have had separate Ark-type histories. India, with its older vertebra sil record, is clearly a Beached Viking Funeral S is also a Noah's Ark because it carried a fauna doorstep of Asia.
The known Cretaceous fauna of India is mo mopolitan than endemic. Therefore, Chatterjee an tese ( Table I ). The inset shows the latitudinal trajectory of Karachi on the western margin of the Indian Subcontinent, of Peshawar near the Hindu Kush, and of the Horn of Africa, the easternmost part remaining of Greater Somalia. The trajectories cross in the early Paleogene indicating that the dispersal of dinosaurs from Africa to India by this route is unlikely if the points used accurately reflect paleogeography.
the Greater Somalia hypothesis in favor of an OmanKohistan-Dras Island Arc, represented in its western portion by the Semail ophiolite of Oman. In that case, faunal dispersal would have occurred across the island arc between eastern Africa and India during the Maastrichtian. Both cases depend on a justaposition of land during the appropriate time interval. We compared the latitudinal drift of the Indian Subcontinent at Karachi, along the Indian Ocean coast, and at Peshawar, near the Hindu Kush, to the eastern extent of Somalia at the Horn of Africa and with the Semail Ophiolite, Oman (Fig. 6, inset) . The surface area as the Horn of Africa or Oman at the end of the Cretaceous, which would be indicated by the crossing of their traces. As shown, the traces cross in the early Paleogene at a paleolatitude close to the Equator. Without modification of the shape of the Indian subcontinent, this is too late for the proposed hypothesis to affect dinosaurs, but appropriate for Cenozoic mammals and other terrestrial vertebrates of the time, if it occurred.
DISCUSSION
In this contribution, we have attempted to look at paleo-We have presented large-scale trends that emerge with timescales of 10 8 years, the time it takes for supercontinents to break apart and disperse, even though the localities themselves represent single points on a time and geographic continuum. We are able to compare the histories of widely separated localities with respected to when, where, and under what broad climatic regimes they were formed, and we have used the method to test a previous hypothesis.
The determining factor differentiating McKenna's concepts of Noah's Arks and Viking Ships is whether the organisms were already fossils in the geographic context from which the fauna embarked on its paleogeographic trajectory. The Jurassic localities of India plotted on Fig The localities of Regione Puglia, Italy (Fig. 4) , present an apparent case of a biogeographic Beached Viking Funeral Ship because these localities formed at the northern edge of Gondwana, broke away on a microcontinent, traversed the Neotethys Sea, collided with Europe as it existed then, and formed an accreted terrane that is now southern Europe. Those species living on the microcontinent were passengers on a Noah's Ark. Which species, if any, may have been transported to southern Europe is not known. However, low lying islands subside with time, so the microcontinent on which the Regione Puglia localities were transported may have been inundated during its voyage, extirpating or driving extinct the entire terrestrial fauna after its departure and docking. This, as in the case of Late Cretaceous dinosaurs in India, is an extension of McKenna's disperTwo alternative models have been invoked plain the distribution of dinosaurs, most especial lisaurids, among South America, Africa, and gascar. In the Africa-first model (Sampson et al Krause et al. 2006) , Africa is seen to have becom lated while the remainder of Gondwana was sti joined. The isolation of Africa began first alo Indian Ocean coast, south around the Cape of Hope, then northward through the South Atlanti final connection to greater Gondwana was at the torial Atlantic Gateway. At this time in the Early ceous, South America was connected to Ant through the Antarctic Peninsula, Antarctica was to Australia, and India and Madagascar were con to each other and to Australia. Theoretically, this geographic arrangement would allow southern di from South America to Madagascar and India w recourse to Africa. Thus, Africa would have been arate theater of evolution for its terrestrial fauna pendent of the rest of Gondwana.
The alternative to the Africa-first model, th Gondwana model of Sereno et al. (2004) , p younger connection between Africa and South ica, thereby explaining the presence of the abel Rugops in the Echkar Formation, Niger. The age Echkar Formation is given as Cenomanian by et al. (2004) with a numerical value of 95 Ma, the range of the Cenomanian given by Gradstein (2004) . However, there are no published radio dates for the Echkar, and the age given by Taquet for the Echkar is Albian. It is unclear whether the Africa-first or pan-Gondwana hypothesis is pletely or partially correct, especially if the conn between landmasses are seen as tectonically con landspans; that is, a series of off-shelf islands occ ally connected because of sea level fluctuation an mal buoyancy, rather than classic biogeographic dors or filters.
It is possible that landspans are a general fea rifting landmasses and tectonically active oceanic Relief and off-shelf island formation results from v ism, thermal uplift, and faulting, as in the hypoth LOUIS L. JACOBS, CHRISTOPHER STRGANAC and CHRISTOPHER SCOTESE In either the Africa-first or the pan-Gondwana hypotheses, the last points of connections between the now existing continents are important in biogeography because those are the harbors from which continental-size Noah's Arks depart, or over which dispersals must last take place. Because these last points of contact are tectonically active areas at spreading centers associated with faulting and igneous activity at sea level, these are places where subaerial connections between a continent and off-shelf islands, with or without water gaps -that is, landspans -might well form. The continental connections involved in the Africa-first hypothesis are South America-Africa, South America-Antarctica, AntarcticaAustralia, and Australia-India plus Madagascar. The Equatorial Atlantic Gateway between South America and Africa is most critical in evaluating the Pan-Gondwana model. The point of connection of Australia-India plus Madagascar through the Kerguelen Plateau, which is now mostly submerged but previously was an emergent large igneous province, is equally important for the Africa-first hypothesis (reviewed by Krause et al. 2006 ). Angola (23 • S), seafloor was present at 128 Ma but marine fossils in the Sergipe Basin, the first evidence of oceanic conditions at the presumptive Equatorial Atlantic Gateway (10 • S) occurs between 115 and 112 Ma. By 90 Ma the Equatorial Atlantic Gateway was a deep passage (Handoh et al. 1999) . Between 100 Ma and 90 Ma the Trans-Saharan Seaway, from Nigeria to the Mediterranean, occurred (Giresse 2005) . Throughout the time the South Atlantic was opening and the Equatorial Atlantic Gateway was forming, the volcanic St. Helena Hotspot and related Cameroon Line have been active, creating both volcanic relief and thermal buoyancy, with subsequent thermal subsidence (Sahagian 1988 , Coulon et al. 1996 , Adam et al. 2007 ). The Cenomanian and Turonian interval was a time of high sea level, with high stands approaching 100 meters above present sea level (Müller et al. 2008) . Sediments at the Turonian locality of Iembe, Angola, are indicative of a coastal environment yet are found near today's sea level, indicating a net subsidence of 100 meters in the last 90 Ma. Throughout the interval of time in which the Equatorial Atlantic Gateway was forming, from 115 to 90 Ma, the African and South American continents were subject to marine flooding, but at the same time, volcanic activity and rifting produced physiographic relief, thermal uplift, and sag. The volcanoes formed along the ing the Cretaceous raised land surface elevations, which concomitantly reduced sea depth in this region in a time of global high sea stands. Shifting paleogeography both on and off shore throughout this 15 million-year time interval may well have been conducive to the development of a dynamic set of landspans acting as sequential independent biogeographic states through time that would together have acted as a filter in dispersal but not prevented it. Thus, in our opinion faunal exchange between South America and Africa was at least possible up until the deepwater connection of the Equatorial Atlantic Gateway, which was in place by 90 Ma. Therefore, we cannot falsify the Pan-Gondwana hypothesis. However, we do not consider that this conclusion eliminates all relevance of the Africa-First hypothesis because that biogeographic avenue is independent of the connection between Africa and South America. In addition to the Equatorial Atlantic Gateway, landspans may have played a role in dispersal across the Kergulen Plateau and between Africa and India.
We have focused in this paper on the application a new technique to the evaluation of historical biogeographic principles first espoused by Malcolm C. McKenna. One aspect of our approach in this paper has been to apply broad paleoclimatic principles to the tracing of localities through latitudinal climate zones. Our second contribution is more speculative, but provides examples of how landspans may have played a significant role in Gondwana dinosaur historical biogeography. Those speculative hypotheses are testable in two ways. First, geophysical investigation of potential landspans should be undertaken to determine the physical realities of hypothesized connections. Second, only the fauna will reliably represent the patterns of dispersal, vicariance, and distribution that are the subject of biogeography. That is also where the most promise lies for paleontologists -in the discovery of more and better fossils.
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